The reversible change of diffraction efficiency is confirmed in the solgel-derived Cl-containing inorganicorganic hybrid films co-doped with Ag and Cu by interfered blue and green laser irradiations. The change of diffraction efficiency is due to absorbance change, which is caused by a mutual conversion of Ag and AgCl nanoparticles upon the laser irradiations. The role of Cu is clarified that electrons are transferred between Ag and Cu, which is indispensable for the reversibility of the absorbance change. The Ag nanoparticles are observed to be aggregated after several cycles of blue and green laser irradiations. The aggregation would occur because of the migration of Ag element during laser irradiation. The diffraction efficiency of the film reaches 0.75% after interfered blue laser irradiation; then it decreases almost 0% by green laser irradiation. Subsequent interfered blue laser irradiation increases again the diffraction efficiency up to 0.59%. This suggests that our materials can be used as rewritable hologram recording media.
Introduction
Silver halide-doped materials have been used as typical hologram recording media, since they are inexpensive and sensitive to common wavelengths of visible (Vis) lasers. 1) 4) The other strong points of the materials are their quite high sensitivity (ca. 10
¹2

J cm
¹2 ) and good spatial resolution (>6 lines¯m
¹1
). 5) However, they intrinsically possess several drawbacks for practical application, such as indispensable troublesome wet chemical development process which often causes shrinkage or swelling of the matrices, and non-rewritability of hologram. Photopolymers are also promising candidates for use in holography because of their high sensitivity to Vis laser lights and the wide dynamic range. 6) 10) The disadvantages of photopolymers include the low durability, considerable shrinkage, and intrinsic irreversibility of hologram formation, which are caused because the hologram is formed by photopolymerization.
11)13)
Rewritability of hologram recording materials is important for the application to holographic data storage media. Photochromic polymers, liquid crystals, and photorefractive crystals have been studied as candidates for the rewritable holographic data storage application. 14)20) Despite the high spatial resolution and reversibility of the candidate materials, 21) durability and reliability of the recorded data were normally quite low. Recently, Ag nanoparticle-deposited TiO 2 films have been attracting much attention because of their unique multicolor photochromic behavior, polarization-dependent holographic characteristics, good data durability, and rewritability. 22)25) Problems associated with this type of nanocomposites involve the low diffraction efficiency (DE) and low sensitivity to blue laser light, which would be used in practical applications of hologram data storage in the future. 26 ), 27) Our research group have reported that silsesquioxane films are suitable to be used as matrices for optical-function films because they can be transparent thick films and easy to dope functional elements. 28) We also have recently reported a series of research on Ag-doped silsesquioxane films for rewritable hologram data storage application. 29)32) Ag-doped vinyl-silsesquioxane (ViSiO 3/2 )TiO 2 films have shown reversible absorbance change by alternate ultra-violet (UV) radiation and heat treatment. The origin of the absorbance change was defined as the deposition and dissociation of Ag nanoparticles (NPs) in the films. The halogenation of Ag and substituting 3-glycidoxypropylsilsesquioxane (GPSiO 3/2 ) for ViSiO 3/2 resulted in an increase of absorbance at ca. 400 nm, thus the sensitivity to blue light appeared. The maximum DEs of the AgBr-and AgCl-doped GPSiO 3/2 TiO 2 films were measured to be ca. 0.026 and 2.0%, respectively, the latter one is sufficient for hologram data storage application. TiO 2 component was found to be indispensable for erasure of the recorded hologram. However, the erasure was only carried out by heat treatment at 100°C. Therefore, the hologram recording-and-erasing system should be equipped with a heater, which enlarges the size of the system. The heating process is also not suitable for the erasure of selected data in the films.
In this work, Cl-containing GPSiO 3/2 films were co-doped with Ag and Cu. The films showed reversible absorbance change upon alternate blue and green laser irradiations. The origin of the absorbance increase was mainly attributed to the formation of Ag NPs upon blue laser irradiation. Green laser irradiation decolorized the films, which was caused by oxidation of Ag NPs. The role of Cu was clarified that electrons were transferred between Cu and Ag, bringing about redox of Ag in the films. The repetition of the redox of Ag led to the aggregation of Ag NPs, which caused the deterioration of reversible absorbance change ability. The DE of the films was increased and decreased upon interfered blue and green laser irradiations, respectively. The maximum DE of 0.75% was achieved after the first interfered blue laser irradiation; the DE reached 0.59% after the second interfered blue laser irradiation, which was carried out after green laser irradiation to erase the recorded fringes by the first interfered blue laser irradiation.
Experimental procedure
All commercially available chemicals were used without further purification. Cl-containing GPSiO 3/2 films co-doped with Ag and Cu were prepared by a solgel technique using 3-glycidoxypropyl-trimethoxysilane (GPTMS, Shin-Etsu, Japan), Cu(NO 3 ) 2 · 3H 2 O(Wako, Japan), AgNO 3 , (Wako), and CCl 3 COOH (Wako) as starting materials. Since the samples were photosensitive, the synthesis was carried out in the dark. For the preparation of the sol, GPTMS in ethanol was hydrolyzed by adding Cu(NO 3 ) 2 · 3H 2 O, AgNO 3 , HNO 3 and CCl 3 COOH, followed by stirring at room temperature (RT) for 1 h to allow its hydrolysis. The sol was transparent, indicating all chemicals were well dissolved. The molar ratio of GPTMS:EtOH:H 2 O (1.2 mM HNO 3 ):Cu(NO 3 ) 2 : AgNO 3 :CCl 3 COOH was 30:90:90:3:3:2 and the total weight of the sol was 20 g. The film was formed by dip-coating a glass slide in the prepared sol with a withdrawal speed of 10 mm s
¹1
, giving a film thickness of ca. 4¯m. The dip-coated film was dried at RT overnight.
The optical properties of the films before and after blue laser irradiation (405 nm, 10 mW cm ¹2 ) and subsequent green laser irradiation (530 nm, 10 mW cm ¹2 ) were investigated using a UV Vis spectrophotometer (V-560, Jasco, Japan). Structural analyses of the films were performed with an X-ray diffractometer (XRD, RINT-2000, Cu K¡, Rigaku, Japan) and a transmission electron microscope (TEM, JEM-2100F, Jeol, Japan). The samples for the cross sectional observation were prepared by using a focused-ion beam equipment (FIB, Quanta 3D, FEI, USA) with a surface presputtering with Pt. Chemical analyses were carried out using an X-ray photoelectron spectroscope (XPS, QuanteraSXM, Al K¡, Ulvac-phi, Japan). The dynamics of the DE of the films during two-beam interference exposure using a blue laser (402 nm, 3 mW cm
¹2
) was studied by simultaneously probing the generated interference fringes using a red laser (633 nm, <0.1 mW cm
). The handmade DE measurement system is described elsewhere.
30) The DE in this study was defined as the intensity of diffracted light (first order) divided by the intensity of transmitted light. Figure 1 shows the color change of the Cl-containing GPSiO 3/2 films co-doped with Ag and Cu after blue and green laser irradiations. The photographs clearly showed the film before laser irradiation was transparent. The purplish color of the films after blue laser irradiation was observed (B), and the color paled by subsequent green laser irradiation (B-G). The corresponding UVVis spectra unveiled that the absorbance increase by blue laser irradiation occurred in the whole Vis region, the peak wavelength of which was ca. 480 nm (B). The subsequent green laser irradiation led to a decrease of the increased absorbance in the whole Vis region (B-G). The second blue and green laser irradiations resulted in an increase and a decrease of absorbance, respectively, with smaller amounts of changes compared to the first irradiations (B-G-B and B-G-B-G) . The cycle of laser irradiations could be repeated more than 5 times with distinguishable changes of absorbance. It is noteworthy that the cycle number could be increased if weaker lasers were irradiated for shorter duration. The features of the UVVis spectra were a kind of analog of what the AgCl-doped GPSiO 3/2 TiO 2 films showed in our previous research. 31) Therefore the deposition of Ag NPs was expected as the origin of the absorbance increase.
Results and discussion
The XRD patterns of the films before and after blue and green laser irradiations are shown in Fig. 2 . Before the irradiation, peaks of AgCl were only observed at 27.5, 32.5, and 46°. The increased intensities of the peaks of AgCl were observed after blue laser irradiation, which also led to an appearance of an Ag peak at 38°. Therefore the coloration of the films shown in Fig. 1 was attributed to the deposition of metallic Ag and AgCl NPs, both of which absorb and scatter the incident light. The Ag peak disappeared after green laser irradiation. This is in good agreement to the result of Fig. 1 that the films paled by green laser irradiation. The ratio of peak intensities of AgCl was varied by the laser irradiations. This presumably indicated that the GPSiO 3/2 films provided a sort of local pressure and confined area for Ag and Cl to react to form AgCl, resulting in the formation of abnormally oriented NPs in the films. Such a local pressure and a confined reaction region can be found in gel films prepared through solgel dip-coating methods. 33 ), 34) The confined reaction region is one of the desired characteristics of the matrix of hologram recording media, since reactions should occur within the area where interfered light is irradiated. It is also worth mentioning here that diffraction peaks related to Cu, such as Cu, 
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CuCl and CuCl 2 were not observed even though Cu was doped with the same quantity as Ag in the films.
In order to investigate what exactly happens in the films by the laser irradiations, the XPS spectra of Ag 3d in the films before and after the laser irradiations were recorded. However, since peaks of Ag 0 and Ag + are located at almost the same position in the XPS spectra, 35) almost no difference was recognized in the Ag 3d XPS spectra of the films (the data are not shown here). On the other hand, Cu 0 and Cu + possess different binding energies, 36) and the XPS spectra of Cu 2p shown in Fig. 3 indicated the variation among the films before and after laser irradiations. The ratio of Cu + to total Cu amount increased from 42 to 52 at % after blue laser irradiation. In contrast, the subsequent green laser irradiation decreased the ratio of Cu + to 41 at %. This proved that Cu released and received an electron upon blue and green laser irradiation, respectively. Because the reversible absorbance change was not observed when the films contained no Cu, we concluded that electrons were transferred between Ag and Cu by the laser irradiations. This would be the key phenomenon for the deposition and disappearance of Ag NPs, which resulted in the coloration and discoloration of the films.
As seen in Fig. 1 , the repetition of blue and green laser irradiations led to a deterioration of the reversibility of absorbance change in the films. As well as the decrease of the amount of absorbance change, the peak wavelength in the absorption spectra was red-shifted after several cycles of laser irradiations (Fig. 1) . Thus, we assumed that Ag NPs with different size, shape or aggregation state were deposited after each cycle. The TEM observations were carried out for the films before and after blue and green laser irradiations (Fig. 4) . It is worth mentioning here that all AgCl NPs were rapidly transformed to Ag NPs without changing their morphology under electron beam irradiation, thus the observed NPs were all Ag NPs, which was confirmed by high-resolution TEM and electron diffraction. The first blue laser irradiation did not change the morphology of the deposited NPs (see and compare "before" and "B"), the size of which was ca. <5 nm. In contrast, the film suffered 3 cycles of alternate blue and green laser irradiations contained aggregated NPs throughout the film (see "B-G-B-G-B-G"). With these TEM observations, schematic illustrations of the NPs in the films used for Fig. 4 were drawn in Fig. 5 . The films initially contained AgCl NPs with diameters of <5 nm before laser irradiation (see "before"). Ag NPs were deposited upon blue laser irradiation (see "B"), since AgCl NPs absorbed the photons and decomposed into Ag and Cl (or Cl ¹ ) with an assistance of Cu, which worked as an electron donator. However, the NPs were aggregated after several cycles of the blue and green laser irradiations (see "B-G-B-G-B-G"). The aggregated NPs with diameters of ca. 100 nm would be difficult to get chlorinated or dis-chlorinated, because the diffusion length of Ag and Cl should be strictly limited in a solid matrix, 37) which was implied also from the XRD patterns shown in Fig. 2 , where abnormally oriented AgCl NPs were detected. This is presumably the reason why the reversibility of absorbance change deteriorated by repeating the laser irradiations.
The dynamics of DE of the film during interference exposure of two-blue lasers for recording and green laser irradiation for erasure of the recorded fringes is shown in Fig. 6 . The DE was gradually increased during first blue laser irradiation and reached 0.75% after 18 min. It was, however, decreased to 0.62% by continuous blue laser irradiation. This occurred probably because Ag NPs started to be deposited at undesired places by scattered light or heat, which were generated by SPR of Ag NPs deposited at desired places. The green laser irradiation was then carried out to lower the DE, where the blue laser was shut off. The DE became almost the initial value after green laser irradiation for 60 min. Afterwards, the blue laser irradiation was resumed, and the DE reached 0.59% in ca. 10 min. This result proved that the Cl-containing GPSiO 3/2 film co-doped with Ag and Cu can be used as rewritable hologram recording media. However, as the achievable DE deteriorated after a cycle of blue and green laser irradiations, the aggregation of NPs would have occurred in the film under the condition of this experiment, too. For practical application, the recording rate and rewritable cycle number are required to improve, probably by means of optimizing the composition and thickness of the films as well as the wavelengths and intensities of irradiating lasers.
Conclusions
The solgel-derived Cl-containing GPSiO 3/2 films co-doped with Ag and Cu showed reversible absorbance changes upon alternate blue and green laser irradiations. The deposition and disappearance of Ag and AgCl NPs by the laser irradiations were regarded as the origin of the absorbance changes. The role of doped Cu was clarified that each of Ag and AgCl was converted to the other by transferring electrons with Cu + and Cu 0 , respectively. The amount of absorbance changes was gradually decreased as the laser irradiations were repeated. The aggregated Ag NPs were observed after several cycles of laser irradiations; this aggregation of NPs was considered to be the reason of deterioration of absorbance change reversibility. The DE reached 0.75% after the first blue laser irradiation and 0.59% after the second blue laser irradiation, both of them were high enough for holographic data storage application. 
